Purpose. The taxonomy of Aeromonas keeps expanding and their identification remains problematic due to their phenotypic and genotypic heterogeneity. In this study, we aimed to develop a rapid and reliable polymerase chain reaction-restriction fragment length polymorphism assay targeting the rpoD gene to enable the differentiation of aeromonads into 27 distinct species using microfluidic capillary electrophoresis.
INTRODUCTION
The members of the genus Aeromonas are Gram-negative rods that live in aquatic environments and are associated with infections in both immunocompetent and immunocompromised individuals, as well as in animals [1] . Intestinal and extra-intestinal infections caused by members of this genus, such as septicaemia, peritonitis, osteomyelitis and soft tissue infections, have been reported in humans [1, 2] . In recent years, the number of reports detecting Aeromonas spp. from clinical materials, food, fish and water sources has increased, and antibiotic resistance amongst the identified strains seems to be increasing, making this genus an emerging public health concern [3] [4] [5] [6] [7] [8] .
Over the past three decades, the genus Aeromonas has expanded and undergone changes in taxonomy and nomenclature [1] . Recently, several new species of Aeromonas have been identified and now the genus comprises 36 species: A. allosaccharophila, A. aquatica, A. aquatilis, A. australiensis, A. bestiarum, A. bivalvium, A. caviae, A. cavernicola, A. crassostreae, A. dhakensis, A. diversa, A. encheleia, A. enterica, A. enteropelogenes, A. eucrenophila, A. finlandiensis, A. fluvialis, A. hydrophila, A. intestinalis A. jandaei, A. lacus, A. lusitana A. media, A. molluscorum, A. popoffii, A. piscicola, A. rivipollensis, A. rivuli, A. salmonicida, A. sanarellii, A. schubertii, A. simiae, A. sobria, A. taiwanensis, A. tecta and A. veronii [9] [10] [11] [12] [13] .
The genus Aeromonas has long been recognized as being taxonomically difficult because it is heterogeneous, with different phenotypic features [14] . DNA-DNA hybridization has been a cornerstone of Aeromonas species determination, but it has not been widely used, as this method is tedious to perform [1] . Broad multilocus phylogenetic analysis has emerged as a powerful tool for classifying Aeromonas based on the allelic differences among multiple conserved housekeeping genes, but this technique is laborious and time-consuming [12] . With the progress being made in developing different whole-genome sequencing (WGS) technologies -e.g. PacBio's single-molecule real-time long sequencing [15, 16] and short reads from Illumina sequencing [17] -new solutions are becoming available for the elucidation of the taxonomy of Aeromonas. Improved bioinformatics tools, including average nucleotide identity (ANI) and in silico DDH (isDDH), have made it possible to define the Aeromonas species [18] . However, so far these advanced methods have been too costly for large-scale Aeromonas taxonomic studies.
Considering the recent increase in the number of isolates from the genus Aeromonas being found in clinical, water and food samples, quick and easy identification of the organisms up to species level is essential [6, 10, 19] . Recent studies have reported that matrix-assisted laser desorption/ionization timeof-flight mass spectrometry (MALDI-TOF MS) can facilitate phenotypic identification, but many species have not yet been added to the database [20, 21] . The availability of aeromonads genome sequences deposited in the GenBank or PATRIC databases allows differentiation at the species level. The small subunit ribosomal RNA (16S rRNA) gene has been used as a target for polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) analysis [22] [23] [24] [25] or direct sequencing [26, 27] to identify Aeromonas species. However, both micro-heterogeneities within species [28] and sequence similarities between species limit the use of the 16S rRNA gene for speciation [29] .
The housekeeping genes DNA gyrase B subunit (gyrB), RNA polymerase B subunit (rpoB), 60 kDa chaperonin (cpn60) and RNA polymerase D subunit (rpoD) have shown higher discriminatory power to distinguish this taxonomic group based on sequencing compared to the 16S rRNA [19, 30, 31] . The rpoD gene has been evaluated for phylogenetic analysis in aeromonads by researchers worldwide [8, 19, 32, 33] and it is well documented that the rpoD gene is a suitable target for Aeromonas speciation.
Restriction fragment length polymorphism analysis detects variations in DNA sequences [34] . This technique measures the size of digested fragments from conventional agarose or polyacrylamide gel electrophoresis, but both methods lack accuracy in the determination of size and resolution [22] . The introduction of microfluidic capillary electrophoresis using the Agilent 2100 bioanalyzer has improved RFLP analysis for the accurate sizing of the DNA fragments and has been employed for the typing of Campylobacter jejuni [35] , Mycobacterium species [36] , Streptococcus pneumoniae [37] , Escherichia coli enterohemolysin [38] and Salmonellae [39] . The aim of the present study was to develop a rapid, simple and reliable molecular tool to differentiate Aeromonas species using the housekeeping rpoD gene based on PCR-RFLP approach and a lab-on-a-chip system.
METHODS
Design of degenerate primers A pair of universal primers with degenerate sequences designed to specifically amplify the variable regions of the rpoD gene of Aeromonas species, based on multiple alignments and analysis of the DNA sequences available in the GenBank or PATRIC databases ( In silico restriction analysis An in silico restriction digestion analysis was performed using free software (http://insilico.ehu.es/restriction) [40] . This step was required to select the most appropriate restriction enzymes according to the fragment size produced by each enzyme. All of the rpoD sequences from the 27 Aeromonas species were retrieved from databases and then subjected to restriction digestion to obtain discrete-sized DNA fragments. . Sixty strains from our collection, consisting of 32 clinical and 28 environmental isolates, previously identified by rpoD gene sequencing as Aeromonas species, were included in this study [8, 19] . Our strains were A. hydrophila (n=12), A. dhakensis (previously known as A. aquariorum) (n=12), A. caviae (n=13), A. veronii (n=12), A. jandei (n=5), A. salmonicida (n=2), A. media (n=2), A. enteropelogenes (n=1) and A. allosacharophilla (n=1). The Aeromonas strains were grown on LB agar plates for 24 h at 30 and 37 C for environmental and clinical isolates, respectively. Total genomic DNA was prepared using an adapted in-house boiling method [41] . The crude lysate was prepared by boiling at 95 C for 5 min and snap-cool ice for 15 min. The debris was removed by centrifugation and DNA was recovered from the supernatant by phenol/chloroform purification and isopropanol precipitation. The concentration and purity of the DNA were determined using a nanophotometer (Implen, Germany).
DNA extraction
DNA amplification of rpoD gene DNA amplification of the rpoD gene was performed using a Veriti thermal cycler (Applied Biosystems, USA). DNA amplification was carried out in a PCR mixture that contained 25 µl of TopTaq Master Mix (Qiagen, Germany), 0.2 µM of forward primer, 0.2 µM of reverse primer, 100 ng of DNA template and RNase-free water. The mixture was denatured at 95 C for 5 min, followed by 40 cycles of 95 C for 30 s, 60 C for 30 s and 72 C for 1 min, and a final extension at 72 C for 7 min. The crude PCR products were electrophoresed on a 1.5 % (w/v) agarose gel to confirm the amplification. A. hydrophila ATCC 7966
T and E. coli ATCC 25922
T were used as positive and negative controls, respectively, for rpoD gene amplification.
RFLP analysis with AluI
The crude PCR products were digested with AluI (NEB, USA) for 30 min at 37 C. The total reaction volume for RFLP was 10 µl, which contained 1 X SmartCut buffer, 1 unit of enzyme and 8.5 µl of PCR product. Reactions were terminated by incubation at 80 C for 20 min. Five microlitres of the digested PCR products was mixed with 5 µl of 20 mM EDTA to achieve a final concentration of 10 mM EDTA. One microlitre of the reaction mixture was loaded 
5¢-YGARATCGAYATCGCCAARCGB-3¢
Forward primer ‹
3¢-TTGGCRGCRTACTCRTADCCRG-5¢
Reverse primer onto an Agilent DNA 1000 chip and analysed with a 2100 Bioanalyzer.
RFLP analysis with HpyCH4IV
For the differentiation of A. sanarelli or A. taiwanensis, the crude PCR were digested with HpyCH4IV (NEB, USA) using similar conditions to those for the AluI digestion, except for an incubated termination reaction at 65 C for 20 min.
RESULTS

Design of degenerate primers
The newly designed degenerate forward and reverse primers Aero F and Aero R targeting the rpoD gene of 27 species (Table 1) amplified the target sequences efficiently, ranging from 770 to 782 bp for 12 Aeromonas type strains as well as all 60 Aeromonas strains. The PCR amplification products were verified by running the amplicons through conventional agarose gel electrophoresis (data not shown).
In silico analysis
The in silico digestion of rpoD sequences allowed the comparison of the relative restriction profiles among the 27 Aeromonas species. A total of 367 restriction endonucleases were screened to identify the most suitable candidate for the differentiation of Aeromonas species. The resulting DNA fingerprints, shown in Table 2 (ranging from 51 to 436 bp), digested by AluI (recognition site, AG/CT), constituted the clearest and most discriminatory PCR-RFLP profiles to identify strains to the level of phylogenetic species. Out of the 27 Aeromonas species analysed, 25 species presented unique RFLP patterns, with the exceptions being A. sanarellii and A. taiwanensis, which shared a similar RFLP pattern (bands of 76, 114, 157, 162 and 213 bp). An additional restriction endonuclease Hpy-CH4IV was required to differentiate these two species and further digestion of the amplicon resulted in fragment sizes of 271 and 502 bp for A. sanarellii and 174 and 599 bp for A. taiwanensis. Thus, one-step PCR with restriction endonuclease AluI digestion allows the differentiation of 25 Aeromonas species, and further digestion using another restriction endonuclease, HpyCH4IV, is able to distinguish A. sanarellii and A. taiwanensis.
Validation of the rpoD-RFLP method using type strains The ability of PCR-RFLP of the rpoD gene to identify Aeromonas species accurately was validated using 12 type strains by comparing the generated RFLP patterns (Fig. 1) to the typical restriction patterns presented from in silico digestion (Table 2) . Our results are in agreement with the computer simulation. Corresponding electropherograms are shown in Fig. 2 , where the bands are detected in peaks or relative fluorescence and their heights are proportional to the DNA fragment sizes.
Screening with the rpoD-RFLP method using strains from our collection A total of 60 strains, comprising 9 Aeromonas species, from our collection were subjected to PCR-RFLP analysis and the generated RFLP banding patterns are shown in Fig. 3 . The Table 2 . Expected fragment sizes obtained with in silico digestion of the rpoD gene sequences using the restriction enzyme AluI *A. sanarellii and A.taiwanensis will produce similar fragments of 51, 76, 114 157, 162 and 213 bp after digestion by AluI.
An additional digestion step using HpyCH4IV can distinguish both species, i.e. A. sanarellii (271, 502 bp) and A.taiwanensis (174, 599 bp).
expected DNA fragments with a size >70 bp were readily detected, but some with a size <70 bp were not detected due to low concentrations and lack of fluorescence. Fragments ranging from 70 to 436 bp were used for identification. The restriction patterns were in accordance with the predicted digestion patterns presented in Table 2 , except for 12 A. hydrophila strains that displayed atypical patterns without the 121 bp when compared to the type strain (Fig. 1) .
DISCUSSION
The genus Aeromonas was proposed by Kluyver and van Niel [42] and has now expanded to include 36 species. In this study, 27 species were considered to design the degenerate primers due to the lack of available sequences for the rpoD of A. aquatica, A. aquatilis, A. cavernicola, A. crassostreae, A. enterica, A. finlandiensis, A. intestinalis, A. lusitana and A. rivipollensis during the experimental setup (Table 1) . This method was then validated using 12 type strains that were randomly selected and further subjected to screening using 60 strains of aeromonads from 9 species in our collection that had been isolated from clinical and environmental sources and had been previously identified to species level [8, 19] .
In this study, a common or 'typical' restriction pattern refers to the DNA fingerprints constituting a specific blueprint for identification based on type strains ( Fig. 1 ), which is referred to as a typical RFLP profile. An atypical RFLP pattern was observed in all our A. hydrophila strains (Fig. 3, lanes 1-2) with one missing band of 121 bp against the type strain, A. hydrophila ATCC 7966 T (Fig. 1, lane 1) . This was expected, as intra-species nucleotide diversity in the rpoD gene can be found in different strains of the same species. To identify the variation, all rpoD gene sequences of 12 strains of A. hydrophila from our collection [8, 19] that showed atypical RFLP patterns were retrieved from the NCBI database (JN686656, JN686661, JN686679, JN686686, JN686702, JN686703, KT187631, KT187653, KT187655, KT187657, KT187665 and KT187676). A nucleotide C is present in position 53, leading to the presence of an additional AluI restriction site (Fig. S1 , available in the online version of this article). Therefore, A. hydrophila from our collection carried a common RFLP profile consisting of 76, 87, 213 and 276 bp.
This lab-on-a-chip system is easy to use and accurate sizing and quantitation of each DNA fragment is possible compared to conventional gel electrophoresis. Variation in the size of the fragments (±10 %) was noted in the electropherograms when compared to the predicted restriction fragment lengths. This phenomenon has also been reported in other studies carried out by this company (Agilent Technologies, Santa Clara, CA, USA) and others [4, 35, 36] . The minor differences detected among the fragment sizes did not affect our ability to identify individual species and our results demonstrate the usefulness of the Agilent 2100 Bioanalyzer for obtaining accurate and reproducible sizes of RFLP fragments for molecular typing of Aeromonas species. The first application that used PCR-RFLP analysis for the differentiation of Aeromonas species was developed by Borrell et al. [22] and was based on evaluation of the 16S rRNA gene. Since then, similar approaches have been reported by Graft et al. [23] , Figueras et al. [24] , Ghatak et al. [25] and Lee et al. [43] ; however, the problem of discriminatory power was still present. This paper reports a new PCR-RFLP method that uses the rpoD gene and has performed well in discriminating between 27 Aeromonas species using the sequences of the species type strains. Our validated results with 12 representative type strains were found to be satisfactory (Fig. 1) . We believe that this is the first report of PCR-RFLP being adapted for the molecular typing of Aeromonas using a bioanalyzer. Our method enables the accurate identification of clinically relevant species, especially A. hydrophila and A. dhankensis. The latter species was initially misidentified as A. hydrophila, but was recently recognized as a new virulent species [4] . Our newly developed system provides a rapid, easy and reliable technique and is less laborious due to three simple steps: DNA amplification, RE digestion and an automated on-chip electrophoresis system. By contrast, rpoD sequence-based identification of aeromonads requires more time, as several steps are involved: DNA amplification, fragment purification from either PCR or gel extraction to yield a pure DNA template for bi-directional DNA sequencing, and then phylogenetic grouping [8, 19, 33] . In conclusion, an improved PCR-RFLP method that uses the Agilent 2100 bioanalyzer for the identification of aeromonads was developed based on the rpoD sequence. This simple method, which uses a pair of degenerate primers and an additional two restriction enzymes, enables the identification of clinical and environmental Aeromonas species. This method allows rapid identification and is cheaper than all other recent platforms, such as WGS, ANI and isDDH for microbial taxonomy studies.
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